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0 Fuel pressure control using hysteresis pump drive. 



@ Fuel pressure in a deadheaded fuel rail (16) is 
regulated by an eddy current clutch (36) that forms 
part of the mechanism that mechanically couples the 
engine crankshaft (12) with a fuel pump (26) which 
delivers pressurized fuel to the rail. An electric con- 
trol (34) that receives several inputs, including en- 



gine speed and fuel rail pressure, controls the de- 
gree of coupling that is provided by the clutch (36) 
so that the pressure is regulated even though the 
engine speed and fuel demand change during nor- 
mal engine operation. 
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Field of the Invention 

This invention relates generally to interna! com- 
bustion engines having fuel injection systems, par- 
ticularly a fuel injection system of the type in which 
electrically operated fuel injectors are served with 
pressurized liquid fuel from a common fuel rail and 
the pressure in the fuel rail is created by a pump 
that is mechanically coupled in driven relation to 
the engine's crankshaft. 

Background and Summary of the Invention 

High pressure gasoline injection systems hav- 
ing a common rail fuel that serves pressurized fuel 
to the fuel Injectors typically require the use of a 
positive displacement pump of the swashplate or 
cam ring type in order to obtain the necessary fuel 
pressure, typically 30-150 bar. Various consider- 
ations usually dictate that the pump be engine- 
mounted and driven mechanically from one of the 
engine's accessory drives. This pump configuration 
enables the system to provide proper atomization 
and fuel delivery rates for the purpose of direct 
injection into the combustion chamber. The com- 
mon rail approach implies that the pump in the 
system maintain system pressure regardless of 
engine speed or load for proper function of the 
injection system. Since it is difficult to maintain this 
fuel pressure accurately by use of the pump alone, 
some sort of fuel pressure regulation must be 
included in the system. 

Traditional gasoline injection systems operating 
at low pressure use a regulator with a spring and 
diaphragm arrangement to sense the pressure and 
return enough fuel from the rail to the tank to 
maintain a pressure setpoint that is a function of 
diaphragm area and spring rate. This is not a 
practical design in a high pressure system because 
the diaphragm will not endure the high fuel pres- 
sures. An electronic equivalent of the spring and 
diaphragm arrangement is a regulator where the 
pressure is sensed by an electronic transducer, 
and an electronic controller uses this pressure in- 
formation to command a solenoid valve to bleed 
fuel out of the rail and back to the tank in an 
amount that regulates the fuel pressure to the 
established setpoint. That type of electronically 
controlled fuel pressure regulation has the advan- 
tage of variability which allows the engine controller 
to establish a particular setpoint pressure for a 
particular engine operating point and then change 
that pressure setpoint in a fashion appropriate to 
changes in the engine operating point A form of 
such electronically controlled fuel pressure regula- 
tion continues to be successfully used in the as- 
signee's high pressure fuel injection system, al- 
though it is recognized that although the amount of 



fuel pumping work performed at high pressure 
does not represent optimum efficiency. 

Since the energy input to any pump can be no 
less than the product of pump outlet pressure and 
5 flow rate, pumping work goes up dramatically when 
the pressure is raised by the factor of 25. as it 
typically is in a high pressure system compared to 
a low-pressure system. This added pumping work 
consumes power directly from the engine, thus 
70 reducing engine flywheel power and increasing fuel 
consumption. In addition, since the pump must be 
sized large enough to supply the engine with fuel 
at the highest speeds and loads, a great deal of 
fuel is returned to the tank by the pressure regula- 
rs tor at low engine demands. Although the power that 
is used to pressurize the return fuel obviously 
detracts from engine flywheel horsepower, an in- 
herent side effect is that the lost power appears as 
waste heat in the return fuel. Since the return fuel 
20 conduit is also exposed to engine heat, a fuel 
system that requires a fuel return from the fuel rail 
to the tank can raise the temperature of gasoline in 
the tank to a point where the heat from the return 
fuel contributes to the creation of fuel vapors and 
25 hence increases the loading on the evaporative 
emission control system, as the fuel in the tank is 
gradually heated by continued operation of the 
vehicle. If unacceptable evaporative emission^ con- 
trol system performance results, the only solution 
30 may be to increase its capacity, which naturally 
would impose added cost on the automotive ve- 
hicle. 

The present invention relates to an alternative 
for regulating the fuel pressure in the fuel rail which 

35 does not use a return to the fuel tank and hence 
does not return heated fuel to the tank. This type of 
a system is sometimes referred to as a "return- 
less" or a "deadheaded" system. The system of 
the present invention uses a variable drive for the 

40 fuel pump to regulate fuel pressure in the fuel rail 
without returning fuel to the tank. Fuel pressure in 
such a deadheaded system is controlled by vary- 
ing the output of the pump. When the pump Is a 
positive displacement type, this control occurs by 

45 decoupling pump speed from engine speed. 

Most drive coupling mechanisms that are ca- 
pable of this speed control have problems that 
make them unacceptable in automotive use. Gear 
drives are expensive, complex, and lack reliability. 

50 Fluid systems are complex and bulky. Variable belt 
drives are difficult to control electronically. Friction 
clutches have severe durability problems. 

The drive coupling mechanism proposed here 
is a hysteresis (eddy current) magnetic clutch. 

55 These devices consist of a field coil which is ar- 
ranged to direct lines of flux through a magnet 
drive rotor and a magnetic driven rotor in order to 
transmit torque by magnetic coupling between the 
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two rotors. Properly designed, these clutches trans- 
mit torque which is proportional to the cunrent 
which is driven through the field coll. These 
clutches have the advantages of no wear surfaces, 
compact packaging, electronic control with rela- 
tively low energy consumption, and a minimal num- 
ber of moving parts. Since the parameter of inter- 
est is the power being transmitted to the pump, 
varying current to control torque transmitted to the 
pump enables a control system to be developed 
which varies pressure on command from an elec- 
tronic module. The Input shaft of the clutch is 
driven by either gears or belts from the engine 
crankshaft (existing accessory drives are a good 
candidate for this drive) and the output shaft of the 
clutch directly drives the pump input shaft. A com- 
pact package for such a clutch mechanism integ- 
rally contains both the clutch input and output 
shafts. 

The control system for controlling the clutch 
comprises a pressure sensor, or transducer, for 
sensing fuel rail pressure, an electronic control 
module having the pressure sensor in a feedback 
loop, and other inputs representing engine speed, 
air/fuel ratio setpoint. and a desired fuel pressure 
setpoint. A control algorithm Is embodied in a P.I.D. 
loop calibrated to match the feedback from the 
pressure sensor to the pressure setpoint transmit- 
ted by the engine controller. This pressure setpoint 
is calibrated in the engine controller to suit the 
engine operating point and the fuel injector char- 
acteristics. (Typically, a fixed pressure Is the sim- 
plest control algorithm, but a variable pressure can 
be used to extend the dynamic range and thereby 
provide the opportunity to vary the spray patterns 
of the injectors to suit the operating conditions in 
the engine's combustion chambers.) Other Inputs 
to the controller Include engine speed (to allow the 
controller to compensate for changes in clutch in- 
put speed and still maintain pressure regulation) 
and air/fuel ratio setpoint (to allow anticipation of 
changes In required pump outflow as injector flow 
is changed at a constant engine speed). An output 
(actual rail pressure) from the pressure controller to 
the engine controller allows compensation of the 
Injector pulse width for conditions where the con- 
troller is unable to maintain the required setpoint, 
such as during cranking when the electrical system 
voltage is low, and engine speed is too low to 
maintain pump performance. 

Other clutch forms which also possess a char- 
acteristic wherein the amount of slippage between 
the input and the output shafts is established by 
the magnitude of an electrical input control current 
delivered to the clutch include magnetic particle 
clutches and electrorheological fluid clutches. The 
magnetic particle clutch uses fine magnetic powder 
between a driving and a driven plate. A coil applies 



a magnetic field to the powder. Torque is transmit- 
ted by the shearing of the powder, and the resis- 
tance to shearing is proportional to the current 
flowing in the coil. Here again, the advantages are 

5 simplicity, electronic control, small package, and 
freedom from wearing. Electrorheological (ER) fluid 
clutches are constructed with driving and a driven 
vanes, and the spaces between the vanes are filled 
with ER fluid. The ER fluid has the property of fluid 

70 shear stress that is proportional to the voltage 
applied across the plates, and torque is transmitted 
by the shear stress. This clutch too has small 
packaging, electronic control, freedom from wear, 
and simplicity in its favor. 

15 The foregoing, along with additional features 
and advantages of the Invention, will be seen in the 
ensuing description and claims that are accom- 
panied by drawings illustrating a presentiy pre- 
ferred embodiment according to the best mode 

20 contemplated at this time in carrying out the inven- 
tion. 

Brief Description of the Drawings 

25 Rg. 1 is a schematic block diagram of an 
exemplary engine and high pressure fuel system in 
accordance with principles of the invention. 

Rg. 2 is a more detailed schematic bk>ck dia- 
gram of a portion of Rg. 1 . 

30 Rg. 3 is a perspective view, partly in section, 
of a representative hysteresis (eddy current) mag- 
netic clutch that is used in the fuel system. 

Rg. 4 is a graph plot useful in explaining 
certain operating principles. 

35 

Description of the Preferred Embodiment 

Rg. 1 shows an exemplary embodiment of the 
general organization and arrangement of the inven- 

40 tive system which comprises an internal combus- 
tion engine 10 having a crankshaft 12 on an ex- 
terior end of which is a disk 14, such as a sheave 
or wheel, via which various accessory devices are 
driven from the crankshaft as the engine operates. 

45 The engine's fuel system comprises a fuel rail 16 
that is common to a number of electrically op- 
erated fuel injectors 18, each of which is disposed 
to inject gasoline directiy into a corresponding en- 
gine combustion chamber space (direct cylinder 

50 injection). Gasoline is stored in a fuel tank 20 and 
delivered to fuel rail 16 through a fuel supply 
means that includes an In-tank, low pressure fuel 
pump 22, a fuel filter 24, and a high-pressure fuel 
pump 26. An electronic control unit (ECU) 28 re- 

55 ceives various input signals (these signals are 
shown only in Rg. 2) and in turn acts through an 
injector driver module 30 to operate fuel injectors 
18. A pressure transducer 32 is disposed to sense 
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fuel pressure in fuel rail 16 and supply a fuel 
pressure signal representing that pressure to an 
electric control that is designated regulator control 
electronics 34. Regulator control electronics 34 
also receives an input signal from ECU 28. In 
accordance with these two input signals to it, regu- 
lator control electronics 34 delivers a correspond- 
ing control cunrent to a hysteresis (eddy current) 
magnetic clutch 36 that forms a portion of the 
mechanism by which pump 26 is mechanically 
coupled in driven relationship with crankshaft 12. 
Clutch 36 comprises an input shaft 38 driven disk, 
such as a wheel or containing a sheave 40. An 
endless drive member 42 couples disk 40 with disk 
14 to cause clutch input shaft 38 to be rotated by 
crankshaft 12 when the latter rotates. Clutch 36 
further comprises an output shaft 44 that is direct- 
coupled to a shaft 46 of pump 26. 

Fig. 3 shows some detail of a specific clutch 
36. It comprises a generally cylindrical housing 45 
on which shafts 38 and 44 are independently, but 
coaxially, journaled by means of several internal 
bearings. Input shaft 38 comprises an input rotor 
48, and output shaft 44 comprises an output rotor 
50. A coil 52 controls the degree of magnetic 
coupling between the two rotors, based on the 
magnitude of current that flows through the coil. In 
other words, the extent to which power can flow 
through the clutch from input shaft 38 to output 
shaft 44 is controlled by the amount of current 
flowing in coll 52. 

In the system of Fig. 1 therefore, clutch 36 
functions to cause pump 26 to operate In a manner 
that regulates the fuel pressure In fuel rail 16 to a 
desired fuel pressure even though engine fuel con- 
sumption and engine speed are subject to a wide 
range of changes in normal operation of the engine 
in an automotive vehicle. The ability to accomplish 
the best possible pressure regulation depends on 
the capability of electrical and electronic portions of 
the system, including various transducers, and on 
the control strategy employed. Fig. 2 depicts detail 
of an embodiment of regulator control electronics 
34 that is well-suited for accomplishing acceptable 
operation of clutch 36. 

The fuel pressure signal input from pressure 
transducer 32 to regulator control electronics 34 
was previously discussed. Additional inputs, not 
previously discussed In detail, are: a fuel pressure 
setpoint 54. engine speed 56. and an air/fuel (A/F) 
setpoint 58. The engine speed is obtained from 
any suitable source, such as a crankshaft speed 
sensor. The fuel pressure sensor signal from trans- 
ducer 32 Is subtracted from the fuel pressure set- 
point signal 54, and the difference is applied as an 
Input to tx»th a proportional gain stage 60 and an 
Integral gain stage 62. The first derivative of the 
fuel pressure sensor signal Is obtained at a dif- 



ferentiator 63 and applied as an Input to a deriva- 
tive gain stage 64. The engine speed signal 56 is 
applied as an input to a speed compensation stage 
66, and the A/F setpoint signal 58 is applied as an 

5 input to an air-fuel ratio compensation stage 68. 
Stages 60, 62, and 64, in conjunction with differen- 
tiator 63 constitute a PID (proportional, integral, 
derivative) function generator that may be de- 
scribed generally as performing a PID function on 

10 the fuel pressure signal from transducer 32. The 
outputs of tiie stages 60, 62, 64, 66. and 68 are 
summed together to form a composite signal that 
is applied to a clutch coil driver electronics stage 
70 tiiat drives coil 52 witii current conresponding to 

75 the composite signal. The speed compensation and 
air-fuel ratio compensation stages 66, 68 function 
as feed fon/vard stages for quickly adjusting the 
degree of clutch coupling during changing engine 
speed and changing A/F setpoint. The various 

20 stages 60, 62. 64, 66, 68 could possibly receive 
otiier input signals that are used to adjust their 
transfer functions, such as certain signals from an 
engine management computer. 

The term "hysteresis" has been used above at 

25 times when refemng to a clutch. Because a mag- 
netic coupling effect is involved, such a clutch 
inherently possesses a hysteresis characteristic, 
such as shown In Fig. 4. It is to be appreciated that 
good design practice will take this into account so 

30 tiiat its presence will have no. or at most minimal, 
effect. 

While a presentiy prefen'ed embodiment of the 
invention has been illustrated and described, it 
should be appreciated that principles are applicable 
35 to other embodiments that fall within the scope of 
the following claims. 

Claims 

40 1. An automotive vehicle engine having a crank- 
shaft and a fuel injection system, said fuel 
injection system comprising a fuel rail having a 
number of electrically operated fuel Injectors 
serving the engine, an electric control for op- 

45 erating said fuel injectors, a fuel tank for hold- 
ing liquid fuel, fuel supply means for supplying 
liquid fuel from said tank to said fuel rail to 
create pressurized fuel in said fuel rail for said 
fuel injectors, said fuel supply means compris- 

50 Ing a pump tiiat Is mechanically coupled in 
driven relation to the engine crankshaft, means 
for inputting various electric signals to said 
electric control, including a pressure trans- 
ducer for sensing the pressure of the pressur- 

55 Ized fuel in said fuel rail and inputting a cor- 
responding fuel pressure signal to said electric 
control, said electric control comprising means 
for controlling the operation of said pump as a 
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function of said various electric signals, includ- 
ing said fuel pressure signal, so that a desired 
pressure in said fuel rail is maintained ir- 
respective of certain variations in engine speed 
and torque as the engine operates, character- 
ized in that said pump is driven by said engine 
crankshaft through an electrically-controlled 
clutch that is controlled in accordance with an 
output signal of said electric control as a func- 
tion of said various electric signals that are 
input to said electric control, including said fuel 
pressure signal, such that desired fuel pres- 
sure in said fuel rail is regulated by the extent 
to which said output signal of said electric 
control allows power to be transmitted from 
said engine through said clutch to said pump. 

2. An automotive vehicle engine as set forth in 
claim 1 in which said various electric signals 
include a crankshaft rotational speed signal 
obtained from a speed sensor that is disposed 
to sense crankshaft speed. 

3. An automotive vehicle engine as set forth in 
claim 2 in which said output signal of said 
electric control is a composite signal that is 
created in said electric control, and one com- 
ponent of said composite signal is created by 
a means in said electric control for performing 
a PID function on said fuel pressure signal to 
create a signal that forms said one component 
of said composite signal. 

4. An automotive vehicle engine as set forth in 

claim 3 in which said electric control com- 
prises means for performing a compensation 
function on said crankshaft rotational speed 
signal to create a compensated crankshaft 
speed signal that is used to form another com- 
ponent of said composite signal. 

5. An automotive vehicle engine as set fortii in 
claim 4 in which said electric control com- 
prises means for performing a compensation 
function on an A/F setpoint signal representing 
an air/fuel ratio to create a compensated 
air/fuel ratio signal that is used to form a fur- 
ther component of said composite signal. 

6. An automotive vehicle engine as set fortii in 
claim 2 in which said various electric signals 
include an A/F setpoint signal representing an 
air/fuel ratio and a fuel pressure setpoint signal 
representing a fuel pressure, and said electric 
control comprises means for taking the dif- 
ference between said fuel pressure setpoint 
signal and said fuel pressure signal of said fuel 
pressure transducer and supplying such dif- 



ference to both a proportional gain stage and 
an integral gain stage of said electric control, 
means for taking the first derivative of said fuel 
pressure signal from said transducer and sup- 
5 plying such first derivative to a derivative gain 

stage of said electric control, and means for 
adding output signals from said gain stages 
and said compensation stages to form said 
composite signal. 

70 

7. An automotive vehicle engine as set forth In 
claim 1 in which said clutch is an eddy current 
type clutch to which a control current cor- 
responding to said output signal of said elec- 

75 trie control is delivered to control the extent to 
which the clutch is allowed to slip. 

8. An automotive vehicle engine having a crank- 
shaft and a fuel injection system, said fuel 

20 injection system comprising a fuel rail having a 
number of electrically operated fuel injectors 
serving the engine, an electric control for op- 
erating said fuel injectors, a fuel tank for hold- 
ing liquid fuel, fuel supply means for supplying 

25 liquid fuel from said tank to said fuel rail to 
create pressurized fuel in said fuel rail for said 
fuel injectors witiiout returning fuel from the 
fuel rail to the tank, said fuel supply means 
comprising a pump that is mechanically coup- 

30 led in driven relation to the engine crankshaft, 
means for inputting various electric signals to 
said electric control, including a pressure tran- 
sducer for sensing the pressure of the pressur- 
ized fuel in said fuel rail and inputting a cor- 
ds responding fuel pressure signal to said electric 
control, said electric control comprising means 
for controlling the operation of said pump as a 
function of said various electric signals, includ- 
ing said fuel pressure signal, so that a desired 

40 pressure in said fuel rail is maintained ir- 
respective of certain variations in engine speed 
and torque as the engine operates and without 
returning fuel from the fuel rail to the tank, 
characterized in that said pump is driven by 

45 said engine crankshaft through an electrically- 
controlled clutch that is controlled in accor- 
dance with an output signal of said electric 
control as a function of said various electric 
signals that are input to said electric control, 

50 including said fuel pressure signal, such that 
desired fuel pressure in said fuel rail is regu- 
lated by the extent to which said output signal 
of said electric control allows power to be 
transmitted from said engine through said 

55 clutch to said pump. 

9. An automotive vehicle engine as set forth in 
claim 8 in which said various electric signals 
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include a crankshaft rotational speed signal 
obtained from a speed sensor that is disposed 
to sense crankshaft speed. 

10. An automotive vehicle engine as set forth in 5 
claim 9 in which said output signal of said 
electric control is a composite signal that is 
created in said electric control, and one com- 
ponent of said composite signal is created by 

a means in said electric control for performing io 
a PID function on said fuel pressure signal to 
create a signal that forms said one component 
of said composite signal. 

11. An automotive vehicle engine as set forth in 75 
claim 10 in which said electric control com- 
prises means for performing a compensation 
function on said crankshaft rotational speed 
signal to create a compensated crankshaft 
speed signal that is used to form another com- 20 
ponent of said composite signal. 

1Z An automotive vehicle engine as set forth in 
claim 11 in which said electric control com- 
prises means for performing a compensation 25 
function on an A/F setpoint signal representing 
an air/fuel ratio to create a compensated 
air/fuel ratio signal that is used to fonnri a fur- 
ther component of said composite signal. 

30 

13. An automotive vehicle engine as set forth in 

claim 9 in which said various electric signals 
include an A/F setpoint signal representing an 
air/fuel ratio and a fuel pressure setpoint signal 
representing a fuel pressure, and said electric 35 
control comprises means for taking the dif- 
ference between said fuel pressure setpoint 
signal and said fuel pressure signal of said fuel 
pressure transducer and supplying such dif- 
ference to both a proportional gain stage and 40 
an integral gain stage of said electric control, 
means for taking the first derivative of said fuel 
pressure signal from said transducer and sup- 
plying such first derivative to a derivative gain 
stage of said electric control, and means for 45 
adding output signals from said gain stages 
and said compensation stages to form said 
composite signal. 

14. An automotive vehicle engine as set forth in so 
claim 8 in which said clutch is an eddy current 
type clutch to which a control current cor- 
responding to said output signal of said elec- 
tric control is delivered to control the extent to 
which the clutch is allowed to slip. 55 
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